Conventional Kalina cycle-based geothermal power plants are designed with a fixed working point determined by the local maximum ambient temperature during the year. A previous study indicated that the plant's annual average thermal efficiency would be improved if the ammonia mass fraction of the Kalina cycle could be tuned to adapt to the ambient conditions. In this paper, another sliding condensation pressure method is investigated. A theoretical model is set up and then a numerical program is developed to analyze the cycle performance. The condensation pressure adjustment in accordance to the changing ambient temperature has been numerically demonstrated under various ammonia-water mixture concentrations. The results indicate that the Kalina cycle using sliding condensation pressure method can achieve much better annual average thermal efficiency than a conventional Kalina cycle through matching the cycle with the changing ambient temperature via controlling condensation pressure. Furthermore, the sliding condensation pressure method is compared with the composition tuning method. The results show that the annual average efficiency improvement of the sliding condensation pressure method is higher than that of the composition tuning method.
Introduction
Geothermal energy has many advantages such as weatherproof, base-load power, high stability and reliability, less land usage, and less ecological effect [1] . With the progress of technology, power generation from low-temperature geothermal energy becomes economically attractive [2] . An annual average increment of 350 MW/year in the world has been achieved in the five-year term 2010-2015, mainly from the increase in medium-low temperature projects through binary plants [3] .
The Kalina cycle uses a zeotropic mixture as the working fluid (normally ammonia-water) and can be applied for low-temperature geothermal power generation [4, 5] . Hua et al. designed a triple-pressure ammonia-water power cycle and the results showed that the power recovery efficiency was about 16.6% higher than that of a steam Rankine cycle [6] . Pradeep Varma and Srinivas compared the thermodynamic performances of the Kalina cycle with organic Rankine cycle and organic flash cycle [7] . Fallah used an advanced exergy method to analyze a Kalina cycle system 11 (denoted as KCS-11 hereafter) [8] . Ma et al. compared three advanced absorption power cycles with KCS-11 system in terms of power output, energy and exergy efficiencies for lowtemperature heat sources [9] .
Among various Kalina cycle systems, KCS-34 is suitable for lowtemperature heat sources [10] . A geothermal power plant was built in Husavik, Iceland in 2000 based on the KCS-34 Kalina cycle [11] . Saffari et al. carried out a thermodynamic analysis for the geothermal Kalina cycle employed in Husavik power plant using an artificial bee colony algorithm and the optimum thermal efficiency could achieve 20.36% [12] . Arslan investigated the performance of the KCS-34 cycle system using an artificial neural network and life cycle cost analysis and found that the most profitable ammonia mass fraction ranges from 80% to 90% [13] .
In 2007, Lengert altered the position of the recuperator of the KCS-34 Kalina cycle and patented a new power cycle, i.e., the so-called KSG-1 Kalina cycle [14] . Mergner and Weimer compared the thermodynamic performances between the KSG-1 and KCS-34 Kalina cycles for geothermal power generation and the KSG-1 Kalina cycle achieved a slightly higher efficiency than the KCS-34 [15] .
Various methods have been proposed to further improve the performance of Kalina cycle when the environmental conditions vary. Ibrahim and Kovach controlled the temperature of the ammonia-water mixture in the separator so that the ammonia mass fraction at the expander inlet could be adjusted [16] . Nguyen et al. studied a Kalina splitcycle concept that had a varying ammonia concentration during the preheating and evaporation stages [17] . Recently, Mlcak and Mirolli invented a method to adjust the ammonia mass fraction according to the cooling source temperature to improve cycle efficiency [18] . Wang and Yu evaluated the efficiency improvement of this composition tuning method and found that the average thermal efficiency could be enhanced significantly [19] .
The above investigations indicate that the performance of the Kalina cycle can be improved via adjusting the ammonia mass fraction. On the other hand, the sliding pressure control method is often used for steam Rankine cycles to improve the system efficiency [20] [21] [22] . In this method, when the Rankine cycle system operates on part-load conditions especially at low-load working points, the operation pressure at the inlet of the high-pressure turbine decreases as the load drops. To adapt to the variable geothermal fluid mass flow rate and temperature, Hu et al. performed an off-design performance analysis of an organic Rankine cycle system using three different control strategies including sliding pressure control [23] . Normally, sliding pressure control is used to fulfil the varying demand in load by changing evaporation pressure.
Usman et al. experimentally investigated the performance of an organic Rankine cycle using sliding pressure control approach [24] . Compared with the organic Rankine cycle using a pure working fluid, the Kalina cycle uses a zeotropic working fluid such as an ammonia-water mixture and has an additional degree of freedom in terms of the ammonia mass fraction. Modi et al. [25] and Li et al. [26] investigated the off-design performances of the Kalina cycle using sliding pressure control. However, no investigation was reported to evaluate the efficiency improvement of the Kalina cycle using sliding condensation pressure method when the ambient temperature varies. Furthermore, it is meaningful to compare the efficiency improvement of the Kalina cycle between using sliding condensation pressure method and the composition tuning method.
The ambient temperature normally fluctuates with days and seasons. When the ambient temperature varies, the corresponding temperature at the outlet of the air-cooled condenser also changes if the pinch-point temperature difference inside the condenser is constant. Because the ammonia-water zeotropic mixture is in a saturated liquid state, which is located on the bubble line at this moment, the condensation pressure will also change with the ambient temperature for a fixed ammonia mass fraction. Based on this principle, the sliding condensation pressure method will regulate the condensation pressure to keep the working fluid temperature at the outlet of the condenser close enough to the ambient temperature. In order to address this problem, this paper theoretically investigates the efficiency improvement of the KSG-1 Kalina cycle system using the sliding condensation pressure method and then the results are compared with that of the composition tuning method. The problem of whether the system can remain in the high-efficiency regions by adjusting the condensation pressure as the ambient temperature varies is clarified. Matching the condensation pressure with the ambient temperature in a manner of sliding condensation pressure, the improvement of the annual average thermal efficiency is evaluated compared with the conventional Kalina cycle. Furthermore, the efficiency improvement of the sliding condensation pressure method is compared with that of the composition tuning method.
Methodology
2.1. Kalina system with sliding condensation pressure 2.1.1. System description In this study, a KSG-1 cycle is used to analysis the efficiency improvement using the sliding condensation pressure method for lowtemperature geothermal power generation. The system schematic is shown in Fig. 1 . The working fluid is a mixture of ammonia-water. The working processes are described as follows. The basic solution at the saturated liquid state 1 is pumped from the tank into the high-pressure path by the pump. The subcooled liquid at state 2 is heated to state 3 by the recuperator. Then, the basic solution absorbs the heat from the brine in the evaporator and transfers to the two-phase state 4. Because the heat source is a low-temperature geothermal brine at 120°C, the basic solution cannot be fully evaporated and a separator is employed to separate the two-phase fluid into an ammonia-rich saturated vapor mixture of state 5, which is also called the work solution, and an ammonia-lean saturated liquid mixture of state 6. The high-pressure vapor mixture is expanded in the turbine whose expansion pressure ratio can be adjusted using sliding pressure control method and changed to state 7. On the other hand, the liquid mixture is throttled via the expansion valve to state 8. Subsequently, the low-pressure spent gas mixture is mixed with the low-pressure liquid flow in the mixer. The temperature of the two-phase fluid at state 9 drops after flowing through the recuperator. The basic solution at state 10 is fully condensed in the air-cooled condenser and turns back to the saturated liquid state 1. Fig. 2 shows the corresponding T-s and h-x diagrams of the working processes, where the relevant states are numbered and the dashed lines represent the bubble lines and the dotted lines denote the dew lines.
Working principle
An air-cooled condenser is used for the KSG-1 Kalina cycle system shown in Fig. 1 . Normally, many Kalina cycle systems use water-cooled condensers. However, for some applications especially in an inland area, a large amount of water may be not available or too expensive [27] . Therefore, using air-cooled condensers is an alternative although this is vulnerable when the ambient temperature changes [28] . Previous research shows that tuning the composition of the ammoniawater mixture to match the changing ambient temperature can improve the average thermal efficiency of the KSG-1 Kalina cycle significantly [19] . In that method, the pressures at the inlet and outlet of the turbine remains constant and only the composition of ammonia-water mixture is adjusted as the ambient temperature varies.
In this study, a completely different method is investigated. The condensation pressure instead of the ammonia mass fraction is regulated according to the ambient temperature and its working principle is explained in Fig. 3 . When the ambient temperature is T a1 , the basic working fluid (corresponding to State 1 in Fig. 1 ) is situated at State A. The temperature difference between State A and the ambient temperature is constrained by the pinch point temperature difference (PPTD) of the condenser. The corresponding condensation pressure of State A is P A . If the ambient temperature drops to T a2 , the condensation pressure can be decreased to P B and the corresponding working state of the basic solution moves to State B. On the contrary, if the ambient temperature rises from T a2 to T a1 , the condensation pressure will increase accordingly from P B to P A . During the working process, the ammonia mass fraction is fixed and the temperature and pressure at the inlet of the turbine remains constant. The condensation pressure and the temperature at state 1 are adjusted via controlling the speed of the fans of the air-cooled condenser. Meanwhile, the expansion pressure ratio of the turbine and the mass flow rate of the working fluid are controlled by the speeds of the pump and the turbine, respectively.
Thermodynamic modeling
To analyze the efficiency improvement using the sliding condensation pressure method, a thermodynamic model based on the mass, energy, and exergy balance equations is developed and listed in the Appendix. In this model, all the working processes are assumed to be steady-state. The turbine is assumed to operate with a constant isentropic efficiency over the range of pressure ratios [29] .
Numerical program development
A numerical program was developed using Matlab 2014 a and Refprop 9.1. The thermodynamic properties of ammonia-water mixture were computed by Refprop 9.1 based on the Helmholtz free energy method. The uncertainties for the equation of state are 0.2% in density, 2% in heat capacity, and 0.2% in vapor pressure [30] . In order to validate the accuracy of the program, the performance of a conventional KSG-1 cycle was computed first. The main input parameters for the program are given in Table 1 . The results are compared with the data in Ref. [14] and the absolute errors for the heat transfer of the heat exchangers are less than 1.6%, which indicates the numerical program can be used to predict the performance of the Kalina cycle system.
The numerical program is then used to analyze the thermodynamic performance of the Kalina cycle with sliding condensation pressure. The data for Beijing, a typical continental climate [31] is used in this analysis and the air temperatures are shown in Fig. 4 . The maximum ambient temperature can reach 26.6°C in summer, while the minimum temperature can be low as −1.3°C in winter.
The cycle performance is determined according to the average temperature of each month by the numerical program. The calculation processes are elaborated as follows. First, the temperature and mass flow rate of the geothermal brine are configured. The temperature and pressure at the outlet of the evaporator are also specified constantly and the operation pressures inside the system are calculated according to the relevant pressure drops listed in Table 1 . Next, the temperature of the ammonia-water mixture at the inlet of the pump is computed according to the ambient temperature. Then, the corresponding condensation pressure is determined. In this analysis, the effect of the ammonia mass fraction on the system performance is also estimated. Therefore, an ammonia mass fraction of the basic solution needs to be assumed. According to the thermodynamic model in the Appendix, the operation process for each component of the Kalina cycle system is computed. Finally, the thermal and exergy efficiencies are obtained.
Based on the pinch point analysis, an iterative algorithm is developed to determine the heat transfer of the recuperator, the evaporator, and the condenser. Additionally, to avoid convergence problem close to the saturated lines of the ammonia-water mixture, the relative bubble and dew lines are determined at first and then the ammonia mass fractions at both the outlets of the separator are obtained according to the lever rule of zeotropic mixtures [32] .
Results and discussion

Performance under a fixed ambient temperature
The system performance of the KSG-1 cycle at each month was evaluated by the numerical program. The results in January are used as a case study whose ambient temperature is fixed at −1.3°C. The mass flow rate and the ammonia mass fraction of the basic solution as a function of the condensation pressure are shown in Fig. 5(a) . The mass flow of the basic solution decreases from 45.17 kg/s to 28.70 kg/s when the condensation pressure increases from 0.257 to 0.547 MPa. The corresponding ammonia mass fraction increases from 0.56 to 0.92. Because the pinch point temperature difference in the condenser is constant, the temperature of the saturated liquid ammonia-water mixture at the outlet of the condenser is also fixed. Therefore, when the condensation pressure varies, the ammonia mass fraction of the basic solution must change accordingly. As a result, the specific heat capacity of the basic solution increases inside the evaporator, leading to a reduction of the mass flow rate. The temperatures at the inlet and outlet of the recuperator are given in Fig. 5(b) . The temperatures of the brine are displayed in Fig. 5(c) . The temperature of the brine at the outlet of the evaporator drops as the condensation pressure rises because of an easier evaporation of the basic solution. The temperatures in the turbine and the mixer are shown in Fig. 5(d) . The mass flow rates at the outlets of the separator are shown in Fig. 6(a) . The mass flow of the work solution increases as the condensation pressure rises while the mass flow of the lean solution decreases due to an increment of the ammonia mass fraction of the basic solution. The pressure at the inlet of the turbine and the expansion pressure ratio are shown in Fig. 6(b) . The temperatures and the mass flow of the air are shown in Fig. 6(c) . The mass flow rate of the air increases significantly with an increment of the condensation pressure. Accordingly, the temperature of the air at the outlet reduces gradually.
The power consumptions of the Kalina cycle system are given in Fig. 7(a) . The power input of the pump decreases gradually as the condensation pressure rises while the power input of the fans increase rapidly because the mass flow rate of the air rises significantly. The amounts of the heat transfer in the evaporator and the condenser are given in Fig. 7(b) , respectively. Both are increased evidently. The power output of the turbine and the net power of the Kalina cycle system are displayed in Fig. 7(c) . The power output of the turbine rises with an increment of the condensation pressure because of the augmentation of the mass flow rate of the work solution. The overall power consumption increases significantly if the condensation pressure is greater than 0.5 MPa. As a result, the net power output firstly increases and then decreases and there exists an optimal condensation pressure where the net power output is maximized. The thermal and exergy efficiencies of the Kalina cycle system are given in Fig. 7(d) . Both show a tendency of first increasing and then decreasing as the condensation pressure increases. It can be seen that the condensation pressure has a great influence on the system performance. The maximum value of the thermal efficiency is reached when the condensation pressure is 0.435 MPa. The thermodynamic properties of the KSG-1 Kalina cycle when the thermal efficiency is maximized are listed in Table 2 . The corresponding maximal thermal efficiency is 10.48% and the exergy efficiency is 48.10%. 
Performance with sliding condensation pressure
Based on the ambient temperature given in Fig. 4 , the system performance as a function of the condensation pressure at each month is analyzed. Accordingly, the optimal condensation pressure under each ambient temperature can be determined. Fig. 8(a) and (b) show the thermal and exergy efficiencies of the KSG-1 cycle as a function of the ambient temperature and the condensation pressure. For a fixed ambient temperature, the thermal and exergy efficiencies first increase and then decrease as the condensation pressure increases. There exists an optimal point where the thermal efficiency is maximized. On the other hand, the system efficiency increases evidently as the ambient temperature drops. The corresponding optimal point shifts from high condensation pressure to low condensation pressure. In these figures, the red dashed line shows the optimal trajectory of the thermal efficiency and the blue dashed line denotes the results of a fixed ammonia mass fraction of 0.71. The optimized results of x b based on the thermal efficiency are in the range of 0.66-0.76, whose average value is around 0.71. This average value is used for the Kalina cycle with sliding condensation pressure. The corresponding thermal and exergy efficiencies as a function of the condensation pressure are shown in Fig. 8(c) and (d) , respectively. It can be seen that the allowable range of the condensation pressure narrows as the ambient temperature drops. In summer, the range of the condensation pressure is large and the intervals with a high efficiency is big. However, in winter, the allowable range of the condensation pressure reduces to almost the half and the corresponding intervals with a high efficiency become very small. This characteristic will increase the difficulty of the condensation pressure control in winter.
From the results of Fig. 8 , the ammonia mass fraction of the optimal trajectory is not constant. However, this parameter is assumed to be fixed for the Kalina cycle with sliding condensation pressure. Therefore, it is important to study how to specify the ammonia mass fraction of the Kalina cycle with sliding condensation pressure. From the results of the above section, it can be seen that the condensation pressure has a bijective relationship with the ammonia mass fraction. Therefore, the results in Fig. 8 also can be plotted as a function of the ambient temperature and the ammonia mass fraction shown as Fig. 9 . The corresponding optimal trajectory and the results for the sliding condensation pressure method with a fixed ammonia mass fraction of 0.71 are also shown in these figures. It can be seen that the allowable ranges of the ammonia mass fraction for all the ambient temperature are almost the same as 0.5-0.91. Furthermore, the high-efficiency interval of the ammonia mass fraction for each ambient temperature is very large, which means that the ammonia mass fraction is not as sensitive as the condensation pressure. It is evident that the efficiency with a fixed ammonia mass fraction of 0.71 is close to that of the optimal trajectory. To give a clear comparison, the thermal and exergy efficiencies of the three Kalina cycles as a function of the ambient temperature are shown in Fig. 10 . The efficiency of the Kalina cycle with sliding condensation pressure is very close to the optimal results. The lower dashed lines represent the results of the corresponding conventional Kalina cycle. It can be found that the energy efficiency of the Kalina cycle with sliding condensation pressure can be very close to that of the optimal results and can be improved significantly compared with the conventional Kalina cycle as the ambient temperature decreases.
The annual average efficiency improvement of the Kalina cycle with sliding condensation pressure is very close to the optimal results listed in Table 3 . The evaluated average thermal efficiency of the Kalina cycle with sliding condensation pressure can achieve 8.21%, improved by 33.5% compared with the conventional Kalina cycle.
The reason for such a great efficiency improvement can be explained by Fig. 11 . As the ambient temperature decreases, the net power output of the Kalina cycle with sliding condensation pressure increases evidently shown in Fig. 11(a) . This increment is mainly because of the decrease of the condensation pressure shown in Fig. 11(b) . The pressure at the inlet of the turbine is constant. Thus, the expansion pressure ratio of turbine increases gradually as the ambient temperature drops shown in Fig. 11(c) .
The evaluated air mass flow rate is 1856 kg/s when the ambient temperature is −1.3°C while it decreases to 1566 kg/s when the ambient temperature increases to 26.6°C. Normally, the mass flow of the fan has a linear relationship with the fan speed. If the rated speed of the fans of the air-cooled condenser is 900 r/min, the fan speed will decrease from 900 to 760 r/min as the ambient temperature rises from −1.3 to 26.6°C. Generally, the variation time of the ambient temperature is of the order of hours. However, studies indicated that the transient response time of a Kalina cycle normally was less than 20 min [33] . In practice, the speed of the fans can be regulated to the target speed in a few seconds. Therefore, the speed of the fans can be controlled to follow the variation of the ambient temperature. On the other hand, the working fluid temperature at the outlet of the condenser can be regulated with the ambient temperature by the speed of the fans. To keep the relative condensation pressure sliding with the ambient temperature, the expansion pressure ratio of the turbine must be regulated as in Fig. 11(c) by controlling the speed of the turbine. Because the expansion pressure ratio is regulated according to the variation of the ambient temperature and the speed of the turbine can be tuned in a few minutes, this method can satisfy the requirement of the response time. cycle with sliding condensation pressure method and the effect of different control algorithms are beyond the scope of this paper due to the page limitation.
Comparison with the composition tuning method
A previous investigation indicated that using a composition tuning method could improve the efficiency of Kalina cycle significantly when the ambient temperature varies [19] . In this section, the efficiency improvement of sliding condensation pressure is compared with the composition tuning method. The results are shown in Fig. 12 .
The boundary conditions for the three Kalina cycles are the same and the net power outputs are shown in Fig. 12(a) . It can be seen that the net power output of the Kalina cycle with sliding condensation pressure is almost the same with that of the composition-adjustable Kalina cycle. Both are higher than that of the conventional Kalina cycle.
For the composition-adjustable Kalina cycle, the condensation pressure stays constant and only the ammonia mass fraction is tuned when the ambient temperature drops. In this way, the enthalpy difference of the ammonia-water mixture between the inlet and outlet of the turbine increases, leading to an increase of the net power output as the ambient temperature decreases. However, for the Kalina cycle with sliding condensation pressure, the ammonia mass fraction is fixed and only the condensation pressure is adjusted according to the ambient temperature. Using this method, the pressure expansion ratio of the turbine increases as the ambient temperature drops, leading to an improvement of the net power output. Either the sliding condensation pressure method or the composition tuning method can adjust the condensation temperature at the outlet of the condenser to 10°C higher than the ambient temperature. Therefore, their net power outputs are very close.
The thermal efficiencies of the three cycles are shown in Fig. 12(b) . It can be seen that the thermal efficiency of the Kalina cycle with sliding condensation pressure is almost the same as the composition-adjustable Kalina cycle when the ambient temperature is above 15°C. However, as the ambient temperature drops further, the thermal efficiency of the Kalina cycle with sliding condensation pressure is higher than that of the composition-adjustable Kalina cycle because more heat is absorbed in the evaporator for the composition-adjustable Kalina. Table 4 compares the annual average thermal efficiencies of the three Kalina cycles. It can be seen the annual average thermal efficiency of the Kalina cycle with sliding condensation pressure can be improved by 33.5% compared with the conventional Kalina cycle while the efficiency improvement of the composition-adjustable Kalina cycle is only 27.8%.
Conclusions
This paper investigates the efficiency improvement of a Kalina cycle with sliding condensation pressure method. An analysis program has been developed based on the system's thermodynamic model. The operation characteristics and energy efficiency with the adjustment of the condensation pressure are estimated as the ambient temperature varies over a year. The obtained results are compared to the conventional Kalina cycle and the composition-adjustable Kalina cycle. The main conclusions are summarized as follows:
(1) For low-temperature geothermal power generation, the Kalina cycle with sliding condensation pressure method can adjust the condensation temperature to match the ambient temperature. In this way, the expansion pressure ratios of the turbine and the net power output can be improved significantly and the exergy destruction in the condenser can be decreased when the ambient temperature drops. Although the ammonia mass fraction is not as sensitive as the condensation pressure for the Kalina cycle with sliding condensation pressure, it must be selected within an appropriate range using the presented procedures. (2) Further adjustment of the ammonia mass fraction of the Kalina cycle with sliding condensation pressure can only improve the efficiency slightly. The reason is that the exergy destruction rate in the condenser has already been decreased significantly with sliding condensation pressure method. temperature match in the air-cooled condenser. Under these ambient conditions, the sliding condensation pressure method has an advantage over the composition tuning method. Therefore, compared with the composition tuning method, the sliding condensation pressure method is another good way to improve the energy efficiency of the Kalina cycle. (A27)
The annual average performance indexes including the net power output, the heat transfer from the heat source, and the thermal efficiency for the Kalina cycle are calculated using equations (A28), (A29), and (A30), respectively. 
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